Introduction
Titanium (Ti)-based biomaterials have been widely used in implantable medical devices for orthopedic [1] and dental [2] applications. In a classic study, Laing et al. (1967) examined the tissue reaction of metallic materials implanted in rabbit muscle and concluded that commercially pure Ti and Ti alloys were among those which induced the least foreign body reaction and minimal fibrosis [3] . The os seointegration of Ti-implants was initially explained by the establishment of direct bone to implant connection without a layer of soft tissue encapsulation owing to relatively inert Ti biomaterials [4] . However, surface functionalization of Ti implants has been shown to improve and accelerate the osseointegration process includes moderately rough surface topography [5] and nanotopography [6, 7] , increasing surface energy [8, 9] as well as incorporating bone inductive biological molecules [10] . The outcome of these functionalization technologies suggest that Ti-biomaterials with a complex surface can induce biological reactions leading to the establishment of enhanced osseointegration, although the underlying mechanisms are not yet fully understood.
Several reports from experimental animal studies and human cases suggest that vitamin D levels are a critical factor determining successful osseointegration [11] [12] [13] [14] . While it is well established that activated vitamin D in the kidney controls calcium ions in the circulation; its precise action in bone tissue is less understood [15] . The impaired osseointegration in vitamin D deficient rats was not due to failure of bone formation around implant but is rather driven by the decreased bone bonding to the implant surface [16, 17] . To determine the role of vitamin D in implant osseointegration, we previously performed a whole genome microarray study of peri-implant tissue derived from vitamin D sufficient and deficient rats. This study unexpectedly identified the molecular circadian clock gene Neuronal PAS domain protein 2 (Npas2) as highly associated with the successful development of osseointegration [16] .
Npas2 is a transcription factor containing a basic helix-loop-helix (bHLH) structure for DNA binding [18] . Due to a sequence similarity with Circadian Locomoter Output Cycles Kaput (Clock), Npas2 has been considered a member of core circadian rhythm regulatory molecules [19] . Centrally, circadian rhythms are generated by timing system found in the hypothalamic suprachiasmatic nucleus (SCN). On a molecular level, the core clock molecules Brain and Muscle Arnt-like protein 1 (Bmal1) and Clock dimerize to participate in a transcription/translation feedback loop involving Period (Per) and Cryptochrome (Cry) molecules [18] . Molecular circadian rhythms are also found in peripheral tissues including bone. Mouse calvarial bone organ culture demonstrated that the bone mineral deposition occurred with a circadian cycle [20] . A microarray analysis of mouse calvaria revealed the presence of peripheral circadian rhythm in bone and demonstrated that the expression of nearly 30% of all genes followed the 24-h cycle [21] . Recently, Ti disc with a complex surface was found to upregulate Npas2 expression of bone marrow stromal cells (BMSC) in vitro, while Per gene expression was down regulated. The weighed gene co-expression network analysis revealed that the up-regulation of Npas2 driven by the Ti implant was selective and not seen in other circadian rhythm-related genes [22] , suggesting that an independent molecular mechanism was responsible for the increased Npas2 expression in response to Ti-biomaterials.
These observations have led to our hypothesis that Npas2 in peri-implant tissue plays an important role in the establishment of osseointegration. To address this hypothesis, we evaluated implant osseointegration in mice carrying Npas2 functional knockout (KO) mutation. We report here that enhanced osseointegration of Ti implant with rough surface was significantly attenuated in Npas2 KO mice. Furthermore, an unbiased chemical genetics screen to elucidate the signaling pathways leading to Ti biomaterials-induced Npas2 implicated an altered neuroskeletal regulation as a possible mechanism involved in the establishment of enhanced osseointegration.
Materials and methods

Ethics statement
All of the experimental protocols using animals were reviewed and approved by the UCLA Animal Research Committee (ARC# 1997-136) and followed the PHS Policy for the Humane Care and Use of Laboratory Animals and the UCLA Animal Care and Use Training Manual guidelines. All of the animals had free access to food and water and were maintained in regular housing with a 12-12 h light/dark cycle.
Ti-biomaterial surface modifications
For in vitro studies, commercially pure Ti discs (32 mm in diameter and 1 mm thick) were fabricated. The surface of the Ti discs was treated by sandblasting with large grits and acid etched (SLA) using the production protocols for commercially available dental implants (Neobiotech USA, Inc. Los Angeles, CA). Briefly, Ti discs were cleaned and degreased by acetone bath, and then processed in a 2% ammonium fluoride/2% hydrofluoric acid/10% nitric acid solution at 55°C for 30 s to produce the pretreatment surfaces. SLA surfaces were created by coarse-grit blasting the disks with 0.25-0.50 mm corundum followed by acid etching in a mixture of HCl and H 2 SO 4 . Control Ti discs were left as machined. The discs were cleaned, gas sterilized and packaged individually.
For in vivo studies in mice, rod-shaped experimental Ti implants (4 mm long and 0.6 mm diameter) were designed to fit to mouse femur bone marrow. The surface of Ti implants were treated with SLA or left as machined as above. Each Ti implant connected with a handle and was gas sterilized and packaged individually.
Surface characterization of Ti discs
SLA and machined surface Ti discs were used for the surface roughness characterization. Surface roughness measurement was performed by photogrammetric technique [23] . Three eucentric tilted (angle 5°) 2D images per each region of interest (ROI) were obtained using scanning electron microscopy (SEM; Nova 230 Nano SEM, FEI, Hillsboro, OR, USA). Three-dimensional (3D) surfaces based on these SEM images were reconstructed and 3D optical interferometric profilometry (n = 3 in each group) was performed with photogrammetry technique software (MeX, Alicona Imaging GmbH, Raaba, Graz, Austria). Eight hundred (800) μm of filter value (cutoff value λc) was applied to detect the contour appropriately.
Hydrophilicity drop test was performed to evaluate the surface wettability of samples. The 1 μl of double-distilled water was dropped and the standardized lateral photographs were obtained at 10 s after application (n = 5 per each sample). The contact angle of drops was measured in the digitized images using a Java-based image-processing program (Image J ver.1.51, NIH, Bethesda, MD).
Behavior and cytoskeletal arrangement of bone marrow stromal cells (BMSCs: iMSC3, Applied Biological Materials, Richmond, BC, Canada) seeded onto polystyrene, Ti disc with machined surface and SLA surface, CoCr disc, zirconia disc were also examined. Twenty-four [24] hrs after seeding, Hoechst 33342 (Thermo Fisher Scientific, Waltham, MA, USA) was applied to visualize the nucleus and then cells were fixed in 10% paraformaldehyde and stained with rhodamine phalloidin (Molecular Probes, Eugene, OR, USA). Stress fibers were observed using fluorescence microscope (DMI6000 B; Leica, Wetzlar, Germany).
Circadian rhythm gene expression in human BMSCs
Human BMSCs (iMSC3, Applied Biological Materials) were cultured (20,000 cells per cm 2 ) on polystyrene 35-mm culture dishes, machined Ti discs or SLA Ti discs [22] . Starting from 24 to 48 h after the synchronization with 10 μM forskolin, BMSCs from each group were harvested every 4 h, and total RNA was prepared (n = 4 per time point in each group). Taqman-based reverse transcription polymerase chain reaction (RT-PCR) was performed using commercially available probes for PER1, PER2, PER3, BMAL1, CLOCK and NPAS2 (Life Technologies, Grand Island, NY). It must be noted that qRT-PCR requires the accurate normalization of genes of interest to a reference housekeeping gene that is stable and unaffected by the circadian cycle. GAPDH, beta-actin Morinaga et al. Biomaterials xxx (2018) The detrended harmonic regression plots [25] were generated by the intercept subtracted and the learn trend removed. We used the detrended harmonic regression plots to compare the effect of substrates on circadian rhythmicity by comparing the amplitudes.
Separately, forskolin-synchronized human BMSC was cultured on Ti disc with machined surface, CoCr and Zirconia discs. Cell were harvested at 32 h time point and total RNA samples were prepared. The expression of core circadian rhythm genes was determined as described above.
Experimental Ti implant placement in mouse femurs
Male 10-15-wk-old C57Bl/6J mice underwent surgical placement of Ti implants following the published orthopedic implant protocol [26] with several refinements. After anesthesia with isoflurane inhalation, the distal femur was accessed via medial parapatellar arthrotomy with lateral displacement of the quadriceps-patellar complex. After locating the femoral intercondylar notch, the femoral intramedullary canal was manually reamed with a 25-gauge needle for entry into the canal and further reamed with a 23-gauge needle. A Ti implant was inserted in a retrograde fashion into each femur of a mouse. The Ti implant was clipped at 4 mm and further inserted 4 mm using a periodontal probe. The quadriceps-patellar complex was reduced to its anatomic position, and the surgical site was closed using Vicryl 5-0 sutures. Carprofen (5.0 mg/kg) (Rimadyl, Zoetis US, Parsippany, NJ) was administered subcutaneously at the time of surgery and every 24 h for 2 days after surgery.
Implant push-out measurement of osseointegration
Mice were euthanized and femur bones were harvested at the predetermined healing time. Distal epiphyseal cartilage and the medial half of the femur were removed using a dental diamond disc to locate the implant without overheating. The femurs were then embedded vertically in an acrylic resin block so that the mesial, flat end of the implant was exposed. The mechanical withholding strength was measured by pushing the implant out from the femur bone marrow using a cus tom-made stainless steel pushing rod mounted on a 1000-N load cell (Instron, Canton, MA). The axial load on the implant was applied at a cross-head speed of 1 mm/min, and displacement of the implant and the load were recorded. The displacement load (N) was used as the implant-push out value.
In the initial study, mice were euthanized 1, 2, 3, 4 and 8 wk after machined (n = 4 at each time point) and SLA (n = 4 at for each time point) implant placement and the time course data were obtained. The time course data were evaluated by two-way ANOVA. Furthermore, the implant push-out data of each time point were compared by Tukey test. In the subsequent studies, the femur samples were harvested 3 wk after implant placement and the data were compared by one-way ANOVA with post hoc Holm test.
Nondecalcified histology of mouse femurs containing Ti implants -
For implant push-out study, the implant was dislodged from femur bone and thus not suitable for histological study. Thus a separate experiment was conducted for histological study, in which femurs were harvested 1, 2, 3 and 4 wk after Ti implant placement (n = 4 at each time point) and fixed in 10% buffered formalin. Femurs were first subjected to microCT scanning (μCT40, Scanco Medical, Wayne, PA) and then processed for nondecalcified longitudinal histological sections (Ratliff Histology Consultant, LLC, Franklin, TN). Using microCT image as a guide, a histological section (30 μm) from each specimen was prepared by a grounding system and stained with Goldner trichrome. The bone-implant contact ratio (BIC) was determined by the bone-implant linear measurement over the entire implant periphery length using ImageJ ver.1.51. The bone contact to implant was defined as the direct association between bone tissue (stained in red) and implant surface without any other interfering tissues (stained in blue). The time course BIC data were evaluated by two-way analysis of variance (ANOVA). The BIC of SLA and machined implants for each time point was compared by Student's t-test.
Energy-dispersive X-ray spectroscopy (EDS) and scanning electron microscopy (SEM)
After the implant push-out test, the dislocated Ti implants were recovered from femur bones. The implant surface was scanned by EDS (Supra 40VP SEM, ZEISS, Thornwood, NY). EDS analysis was completed in 5 segments, covering the entire length of the implant. The elemental composition of Ti, calcium (Ca) and phosphorous (P) was determined from the mean of the 5 segment measurements for each implant. The recovered implants were further spatter-coated with iridium (Ir) and examined by SEM (Supra 40VP SEM, ZEISS, Thornwood, NY).
Characterization of femur bone of Npas2 ± and Npas2−/− mice
Npas2 ± mice [27] on the C57Bl/6J background were generated from cryopreserved sperm samples (B6.129S6-Npas2tm1Slm/J, Jackson Laboratory, Bar Harbor, ME), and an active breeding colony was established at UCLA. Genotype was determined by PCR of genomic DNA isolated from ear punch tissues from each mouse. In Npas2 allele, the basic helix-loop-helix (b-HLH) DNA binding sequence is encoded largely by Exon2, which was replaced by a LacZ reporter gene cassette. The mutant Npas2 protein without bHLH sequence lacked the critical DNA binding activity and thus this mouse model was considered functional knockout (KO) of Npas2 [27] . The common PCR primer was synthesized to target the intron between Exon1 and Exon2, as well as the WT primer targeting Exon2 and the mutant primer targeting the LacZ reporter gene cassette. PCR reaction with the common and Exon2 primers or LacZ reporter gene primer generated 257 bp or 350 bp PCR
Biomaterials xxx (2018) xxx-xxx product, respectively. A conventional 2% agarose gel was used to determine the mouse genotype. The effect of Npas2 KO mutation was evaluated in femur bone. Femurs from C57Bl6J wild-type (WT: Npas2+/+), Npas2 ± and Npas2−/− mice were measured for anatomical length and characterized by micro-CT (μCT-40; Scanco Medical, Brüttiselen, Switzerland). The obtained micro-CT data were analyzed with the proprietary analysis software. For each femur, the volume of interest (VOI) was determined between 996 μm and 2676 μm below the growth plate. After cortical bone was digitally eliminated, the cortical bone was used to determine bone volume/total volume (BV/TV), the number of trabecular bone (Tb.N), the thickness of travecular bone (Tb.Th) and the space between trabecular bones (Tb.Sp). The data of each parameter were compared by Tukey test.
Femurs were also evaluated by EDS for Ca and P elements.
Implant osseointegration in WT, Npas2 ± and Npas2−/− mice
Male 10-15-wk-old WT (n = 12 for each implant group), Npas2+/− (n = 8 for each implant group) and Npas2−/− (n = 4 for each implant group) mice received SLA or machined Ti implants in their femurs, as described. Three [3] weeks after the implant placement, mouse femurs were harvested, and the implant push-out test was conducted. After the implant push-out test, the dislodged Ti implants were carefully recovered from the femur bone marrow and subjected to EDS and SEM analyses. In a separate experiment, 3 weeks after the implant placement, femurs were harvested and processed for non-decalcified longitudinal sectioning of the plastic-embedded femur and implant for histological observation.
Chemical genetics analysis
Femur BMSC harvested from Npas2−/− mice were previously characterized for LacZ expression [22] , which was used in this study for high throughput, unbiased screening of Library of Pharmacologically Active Compounds (LOPAC 1280 ). Using 384-well plates, each well was filled with 25 μl non-phenol red DMEM containing 10% FBS and 1% PS, and added 50 nL of LOPAC compound (final concentration: 1 μM) using 500 nL pin tool (Biomek FX, Beckman Coulter, Indianapolis, IN). To each well, BMSC (Npas2-LacZ) were placed as 1500 cells/25 μl suspension and incubated at room temperature for 1 h, followed by incubation at 37°C and 5% CO 2 for 48 h. To measure Npas2-LacZ expression, β-galactosidase activity was measured using a commercially available assay (Beta-Glo Assay System, Promega, Summerville, CA).
The Npas2-LacZ expression data were uploaded on an online data analysis tool (CDD Vault, Collaborative Drug Discovery, Inc, Burlingame, CA), on which data were normalized and Z-factor was calculated. For this study, hit compounds were selected as Z-score > 2.5 or < -2.5. The selected hit compounds (final concentration: 1 μM) were validated by 3 replicated 384-well plates with mouse BMSC (Npas2-LacZ). The compounds significantly increased or decreased the β-galactosidase activity of BMSC as compared to the untreated cells were selected as candidates. The class, mechanism of action and related functions of the candidate compounds were obtained from the CCD Vault database and literature reviews.
Expression of adrenergic receptors by mouse BMSC
Total RNA isolated from mouse primary BMSC cultured on polystyrene plate, SLA Ti disc or machined Ti disc as described above was examined for the steady state mRNA levels of α1a, α1b, α1d, α2a, α2b, α2c, β1, β2 and β3 adrenergic receptors using Taqman-based RTPCR. The data were compared by Tukey test.
Results
Human BMSCs exposed to Ti biomaterials modulated the circadian expression pattern of clock genes
This study used machined and SLA-treated Ti biomaterials. The surface micro-topographic characteristics (Fig. 1A-C) were consistent with published data [28] . The contact angles of polystyrene culture plate, machined and SLA Ti discs were within a similar range (Fig. 1D) and consistent with the published data [29] . We also characterized the Ti disc by examining BMSC behaviors. It has been well established that the development of F-actin stress fibers and cell shapes were influenced by the substrate micro-structures [30] and surface energy [31] . The fluorescent F-acting staining revealed the cells widely spread on polystyrene plates. By contrast, cell shapes were affected by the surface isotropic and anisotropic topography of machined and SLA discs, respectively (Fig.  1E) .
Since the clock genes oscillate with a 24-hr cycle length, we tested the effect of Ti discs on the clock gene expression in every 4 h for 24 h in synchronized cells. Forskolin-synchronized human BMSCs maintained on a conventional culture plate demonstrated a circadian expression of PER1, PER2, and PER3 with a peak expression between 36 and 44 h ( Fig.  2A) , which was consistent with our previous observation [22] . Two-way ANOVA resulted the statistically significant p values of interaction between the culture substrate materials and time in NPAS2 and PER2. The effect of culture substrate materials evaluated by Tukey test for each time point revealed that when BMSCs were exposed to the SLA disc, there was a striking upregulation of NPAS2 throughout the 24-hr period (Fig. 2B) .
The NPAS2 and PER2 expression data were further analyzed by the harmonious regression analysis and the detrended harmonious regression analysis (Fig. 2C ). These analysis tools were used to evaluate if NPAS2 and PER2 expression followed a circadian rhythm in this cell population. The error is the difference between Y and the value predicted by the harmonic regression model. The error (as measured by the standard division) is small if the model is a good fit to the data while an R square value is less than 0.50 (50%) implies a poor model fit to the data. Based on our statistical analyses, SLA drives the loss of circadian rhythmicity of NPAS2 and PER2 (Fig. 2D) . The detrended harmonic regression plots of NPAS2 and PER2 were generated by the intercept subtracted and the learn trend removed. We used the detrended harmonic regression plots to compare the effect of substrates on circadian rhythmicity by comparing the amplitudes (Fig. 2D) . Again, we found that SLA decreased the circadian expression of both NPAS2 and PER2 in these cells. The machined Ti disc generated a similar reduction in clock gene expression although the effect was less significant.
In an additional experiment, we examined clock gene expression in cells grown on zirconia and CoCr discs, whose surfaces were not modified. The result showed that the pattern of clock gene expression of zirconia disc was highly consistent with machined Ti disc, whereas CoCr disc showed a different clock gene expression pattern; however, NPAS2 upregulation was not clearly observed in either zirconia or CoCr discs (Fig. S1 ).
Ti implant placed in mouse femur demonstrated osseointegration
Prior work has examined the impact of Ti implant in mouse bone by placing a Ti wire retrograde into the bone marrow space of femurs through epiphyseal cartilage and growth plate [32, 33] , or a small rod or screw was perpendicularly inserted in the middle of femurs [34] [35] [36] [37] . In the present study, an experimental Ti implant with machined or SLA surface was placed in the distal half of the mouse femur bone marrow without contact with epiphyseal cartilage and growth plate (Fig. 3A-C) . The mechanical withholding shear strength is a hallmark of successful osseointegration. The implant push-out test was designed to measure load at the shear break point in this study (Fig. 3D) . The implant push-out test demonstrated the development of mechanical withholding strength in both SLA and machined implants, while the former generated much higher implant push-out values than the latter. The push-out value of the SLA implant increased 3 wks after implant placement and reached a plateau with a noticeable transient decrease at 4 wks (Fig.  3D) . The BIC ratio of the SLA implant measured in nondecalcified histological sections revealed a progressive increase from 1 to 3 wks, followed by a plateau (Fig. 3F) . By contrast, there was a slow increase in the BIC ratio of the machined implant. It must be noted that BIC ratios, particularly of machined implant showed significant variations (Fig. 3F) . While the identification of bone-implant contact of SLA implants was clearly observed, the histological determination of bone-machined implant contact required a careful interpretation.
The dislodged Ti implant after the push-out test was subjected to SEM/EDS analysis (Fig. 3H) . The implant surface elements were largely Ti, Ca, P and O (Fig. 3I) . The weight % of Ti of the recovered SLA implants progressively decreased from 1 to 3 wks and reached a plateau, whereas that of the recovered machined implants remained 90% throughout the healing period (Fig. 3J). 
The lack of femur bone abnormalities in Npas2 ± and Npas2−/− mice
The functional bHLH domain of Npas2 is largely encoded by exon 3, which was replaced by a LacZ/Neo cassette (Fig. 4A) , resulting in the synthesis of Npas2 molecules without DNA binding bHLH domains [27] . Femurs harvested from WT, Npas2 ± and Npas2−/− mice were indistinguishable in terms of anatomical size and shape (Fig. 4B ) and the interior trabecular bone architecture depicted by 3D reconstructed microCT images (Fig. 4C) . The quantitative 3D bone morphometric analyses showed that Npas2 KO mice exhibited comparative data of bone volume/total volume (BV/TV), the number of trabecular bone (Tb.N), the thickness of trabecular bone (Tb.Th) and the space between trabecular bones (Tb.Sp) (Fig. 4D) . Npas2 KO mutation did not affect bone architecture or remodeling and thus Npas2 KO mice were determined to be a suitable mouse model for investigating the mechanism of implant osseointegration in this study.
Npas2 KO mutation decreased implant osseointegration with the SLA surface but not with the machined surface
We examined the role of Npas2 on osseointegration after 3 wks of implant placement in femurs of Npas2 KO mice. The push-out value of 5 Fig. 2 . SLA Ti disc significantly affected the circadian expression of NPAS2 and PER2 of human BMSC. A. Time course expression of clock genes by human BMSC cultured on polystyrene culture plates, machined Ti discs and SLA Ti discs (n = 6 per time point in each group). The data were evaluated by two-way ANOVA. The statistical significance of interaction between substrates and time was achieved in NPAS2 and PER2. *: p < 0.05; **: p < 0.01. B. The expression data of NPAS2 and PER2 were further evaluated by Tukey test for each time point. NPAS2 expression was significantly increased when BMSCs were cultured on SLA Ti discs. C. Detrended harmonious regression analysis of NPAS2 and PER2 expression. D. Statistical evaluation of the harmonious regression and detrended harmonious regression analyses. The harmonious regression model of circadian rhythm was compared to the raw data. R square <50% and large error (SD) suggested that SLA Ti disc disrupts circadian rhythms in NPAS2 and PER2 expression. The detrended harmonious regression analysis suggested SLA Ti disc significantly affected NPAS2 and PER2 expression.
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the SLA implant was significantly decreased in both Npas2 ± and Npas2−/− mice as compared to WT mice (Fig. 5A) . However, the push-out value of the machined implant was not affected by Npas2 KO muta tion. Nondecalcified histology revealed the formation of bone tissue around Ti implants in WT and Npas2 KO mice. The bone and implant contact appeared to occur in WT and Npas2 KO mice (Fig. 4B ). The ex 6 Fig. 3 . Development of mouse implant osseointegration model. A. Experimental implants (0.6 mm in diameter and 10 mm in length) were designed with a handle. After insertion into an osteotomy site created in the femur bone marrow, the Ti rod was clipped to generate a 4-mm-long implant. B. The surface of the experimental implant was treated as machined or SLA. C. A 4-mm implant was placed in the femur bone marrow at a depth of 4 mm from the distal femur joint surface to avoid contact with the epiphyseal cartilage and growth plate. D. At predetermined times, mouse femurs were harvested and trimmed to expose the edge of the implant. The mechanical withholding strength of the implant was measured by the implant push-out test. The breakpoint load (N) was determined as the implant push-out value. E. The implant push-out value increased over the healing time until 3 wks and then reached a plateau. Two-way ANOVA determined the statistical significance for interaction between the implant types and time. The implant push-out values of SLA and Machined implants were compared by Student's t-test for each time point (n = 4 at each time point) **: p < 0.01. F. In a separate experiment, bone-to-implant contact ratio was determined. Two-way ANOVA suggested the statistical significance in interaction between implant types and time. The BIC for each time point was compared by Student's t-test for each time point (n = 5 for each group). **: p < 0.01. A large variation was noted in the Machined implant group. G. For BIC analysis, the harvested mouse femurs were fixed in 10% buffered formalin and processed for nondecalcified epoxy resin-embedded histological sections and Goldner trichrome-staining. There was a trend that trabecular bone around implant was formed at the epiphyseal side than the center of the femur. The bone (red)-to-implant contact (double-head arrows) was defined without interfering bone marrow tissue (blue). The histological appearance of bone-to-implant contact was different between Machined and SLA implants. H. After push-out test, implants were recovered from femurs and subjected to SEM/EDS evaluation. Machined implant showed largely exposed Ti implant surface (Ti) with limited remnant tissue coverage (arrows). SLA implant was extensively covered by remnant tissues (arrows) with some Ti surface exposure. I. A representative EDS elemental analysis of a 3-wk implant recovered after the push-out test. The remnant tissue contained O, P and Ca elements, whereas the Ti element was decreased. J. The entire surface of recovered implant was analyzed by EDS, and the average elemental weight % of Ti was calculated for each implant. The Ti weight % of SLA implants progressively decreased over the healing time until 3 wks and then reached a plateau, whereas that of Machined implants did not decrease. Ti elemental analysis by EDS mirrored the reverse trend of the BIC of SLA implant but not of Machined implant. Two-way ANOVA indicated the statistical significance between the implant types and time. The Ti weight % at each time point was compared by Student's t-test (n = 4 for each time point and each group). **: p < 0.01. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) Fig. 4 . Femur bone characterization of wild type (WT), Npas2 ± and Npas2−/− mice. A. Diagram of Npas2 allele. Exon2 (E2) encodes the DNA binding basic helix-loop-helix (bHLH) sequence of Npas2, which was replaced with a LacZ expression reporter cassette (LacZ/Neo), as the result, the mutant Npas2 protein lacked the DNA binding function. Genotyping PCR was designed to depict WT Npas2 allele with the common forward primer in the intron between E1 and E3 and the reverse primer in E2, which gave rise to a PCR product of 275 bp. The mutant allele was detected by the common forward primer and the reverse primer in the LacZ/Neo sequence, which resulted in a 350 bp PCR product. B. An agarose gel electrophoreses revealed the presence of 257 bp PCR product (WT genotype) and 350 bp PCR product (Npas2−/− genotype). Npas2 ± genotype was determined by the both PCR products. C. The size and shape of femurs (n = 3 per group) from 15-wk-old WT, Npas2 ± and Npas2−/− mice were indistinguishable. D. Micro-CT three-dimensional trabecular bone structure of femurs. E. Quantitative analysis of femur trabecular bone structure (n = 6 per group) was evaluated by micro-CT for bone volume/total volume (BV/TV), the number and the thickness of trabecular bone (Tb.N and Tb.Th, respectively) as well as the space between the trabecular bones (Tb.Sp). No significant differences were observed.
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perimental implants were recovered after the push-out test and subjected to SEM/EDS analysis. The surfaces of the SLA implants recovered from WT mice were widely covered by tissue remnants, whereas those recovered from Npas2 ± and Npas2−/− mice had tissue remnants of a unique reticular structure with numerous punch holes exposing the Ti substrate, whereas the machined implants were free from tissue attachment (data not shown). The EDS analysis revealed the much higher Ti content in implants recovered from Npas2 ± and Npas2−/− mice than in those recovered from WT mice (Fig. 5C ), indicating that there was small but distinct loss of tissue interaction to SLA Ti implant in Npas2 KO mice. However Npas2 KO mutation did not affect the Ca/P ratio of the remnant tissue on the recovered implant as well as femur cortical bone (Fig. 5D) .
Abnormal tissue formed on SLA implant placed in Naps2 ± and Npas2−/− mice
We then examined if the interface tissue coverage affected the implant mechanical withholding strength. The coverage area by the interface tissue was estimated from the Ti weight % on the entire surface of implant: 2π0.6 × 4.0 × (100-Ti%)/100 (mm 2 ). A regression analysis revealed a positive correlation between the estimated tissue coverage area and implant push-out value in WT mice (R 2 = 0.551, Fig. 5E ). By contrast, there was no correlation between the tissue coverage area and the implant push-out value of implants placed in Npas2 KO mice. These data indicate that Npas2 KO mutation affected the interface tissue facilitating the bone and implant bonding. High-magnification SEM images 8 , which appeared to be unaffected by Npas2 ± and Npas2−/− mutation. The bone-to-implant contact (double-head arrows) was also observed on SLA implants in all genotypes. However, the bone-to-implant contact on the machined implant was not clearly observed. Due to variations among sections, quantitative measurements were not performed. Note: (Ti) indicates the space of implant, which was removed during the histological section preparation; however, bone and bone marrow tissues were well preserved. C. EDS elemental analysis revealed larger Ti exposure of SLA implants recovered from Npas2+/− (n = 8) and Npas2−/− (n = 4) mice than in those recovered from WT mice (n = 12). *: p < 0.05 against WT control. D. EDS analysis of Ca and P of the remnant tissue on SLA implants and the femur cortical bone of WT, Npas2 ± and Npas2−/− mice. E. The tissue coverage area on SLA implant was estimated from the Ti elemental analysis and correlated with the implant push-out value. In WT mice, the estimated tissue coverage area and the implant push-out value was positively correlated, whereas these values did not correlate in Npas2 ± and Npas2−/− mice. F. SEM evaluation of SLA implant recovered from WT, Npas2 ± and Npas2−/− mice after push-out test. The remnant tissue coverage (arrows) and implant exposure (Ti) were clearly observed. The high magnification observations revealed dense collagen fibers in the remnant tissue of SLA implants recovered from WT mice, whereas collagen fiber structures were not observed in the remnant tissues of Npas2 ± and Npas2−/− mice. The surface of the remnant tissue of Npas2 KO mice was relatively smooth with occasional extracellular matrix-like molecules (arrowheads). G. A proposed diagram of Npas2 hi interface tissue generated by the presence of Ti substrate with rough surface, which connects to bone in order to achieve osseointegration. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) depicted well-developed collagen fibers with a crisscrossed structure in the remnant tissue on the implant recovered from WT mice (Fig. 5F ). The collagen structure was less visible in tissue remnants on the implants recovered from Npas2 ± and Npas2−/− mice. Contact guidance refers to the phenomenon that cells adjust their orientation and shape according to the patterns of the substrate biomaterials [38] . The effect of contact guidance further extends the signal transduction of adherent cells [39] , leading to differential cell behaviors between the rough and smooth surfaces. This study proposes the presence of interface tissue to SLA implant with highly upregulated Npas2 expression: Npas2 hi interface tissue (Fig. 5G) .
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Chemical genetics analysis suggested that the Npas2 upregulation mechanism involving altered neuroskeletal pathway
Femur BMSC derived from Npas2−/− mouse was previously characterized for the expression of LacZ [22] , which was used for high throughput screening of LOPAC 1280 (Fig. 6A) . The output screening data were analyzed for the Z score, whose significant cut line as >2.5 or < -2.5 resulted in a total of 24 hits: 7 Npas2-upregulation and 16 Npas2-downregulation compounds (Fig. 6B) . The validation study identified a total of 14 compounds (Fig. 6C ), which were subjected to the chemical genetics analysis. Npas2 upregulating compounds were found to decrease intracellular cAMP or stimulate the α2 adrenergic receptor. By contrast, Npas2 down regulating compounds stimulate or accumulate cAMP, or induce cAMP response element binding (CREB) activation (Table 1) . The effect of sympathetic nervous system on bone remodeling has been extensively investigated as neuroskeletal regulation [40, 41] , in which β2-adrenergic receptor of osteoblasts is thought to play a predominant role (Fig. 6D) . The unbiased, chemical genetics analysis suggested that the upregulation of Npas2 could involve the α2-adrenergic receptor. Mouse femur BMSC exposed to Ti discs were examined and found to show a robust increase in the expression of α2A-, α2B-and α2C-adrenergic receptors by SLA disc, while β2-adrenergic receptor was not affected (Fig. 6E) .
Biomaterials xxx (2018) xxx-xxx compounds for Npas2-LacZ expression of mouse BMSC. Hit compounds were identified as z-score > 2.5 or < -2.5. C. Validation of Npas2-LacZ expression of hit compounds in triplicated experiments. The compounds (black bars) significantly modulated the Npas2-LacZ expression (p < 0.05) compared to the untreated control (white bar) were identified. D. Neurotransmitter-induced β2-adrenergic receptor in BMSC has been shown to regulate bone remodeling and is referred to as neuroskeletal regulation. The pharmacological actions of identified compounds clustered in the down regulation of cAMP and α2-adrenergic receptors. Altered neuroskeletal regulation was proposed as a molecular mechanism of osseointegration. E. Mouse femur BMSC exposed to Ti discs (machined and SLA) were analyzed for the expression of adrenergic receptors. Compared to the conventional culture condition on polystyrene plate, BMSC exposed to SLA Ti disc exhibited significantly upregulated expression of α2-and β1-adrenergic receptors; but not of β2-adrenergic receptor. Turkey test was used to assess statistical significance, which, in this figure, was shown only against the polystyrene control. *: p < 0.05; **: p < 0.01.
Discussion
The results of this study demonstrated the role of Npas2 in the molecular regulatory mechanisms influencing the successful osseointegration between a Ti implant with a rough surface. Human BMSC exposed to a Ti disc after SLA treatment demonstrated the significant upregulation of NPAS2 (Fig. 2) . This finding was very similar to previous data obtained with Ti disc with Nanotite ™ treatment [22] , whereas the effect of the Ti disc on other clock genes appeared to be less consistent. It has been reported that Npas2 was not detected in mouse femur BMSC and thus could not be involved in bone remodeling and homeostasis [41] (Fig. 3) . Our finding suggests that Ti biomaterial-induced Npas2 regulate BMSC to facilitate successful implant osseointegration.
The present study used a refined mouse femur Ti implant model, which was designed after a previously published mouse orthopedic im plant protocol [26] . The osseointegration in SLA implant was established 3 wks after the implant placement by determined by the implant push-out test (Fig. 3E ) and BIC data (Fig. 3F) . BIC is a widely accepted measurement for the degree of osseointegration and is defined by the histological direct structural and functional connection between living bone and the surface of a load-bearing artificial implant [42] . BIC measurement involves the nondecalcified resin-embedded section through the metallic implant body and histological identification of bone contact to the implant surface. For mouse implant models, the reported BIC of SLA implant was approximately 60-70% for the model with a short implant placed perpendicularly to distal femurs [43] , whereas BIC of HA coated implant placed in a longitudinal direction in the femur bone marrow reached approximately 30% [44] . We found that bone-implant contact was more frequently established near the growth plate where more trabecular bone structure was present than the center of femur. Thus, BIC of approximately 50% obtained from SLA implant 10 placed in a longitudinal direction in the femur bone was considered consistent with previous studies. However, the osseointegration for machined implants was not clearly determined by BIC. In histological sections, machined implants showed ambiguous bone association patterns that bone tissue and implant surface showed a gap without a definitive bone marrow tissue (Fig. 3G) , which might have generated inaccurate BIC measurements. In the present study, all implant samples recovered after the push-out test were analyzed by SEM/EDS. The EDS data of Ti weight % was thought to demonstrate the exposed implant surface area ( Fig. 3H and J) . The EDS element analysis of the exposed Ti weight % showed a clear trend mirroring the BIC with much less variations and thus this measurement was thought to be a viable surrogate measure for BIC. It must be noted that some limitations exist. The purpose of implant therapy is to bear mechanical load, which was not addressed in this model. The limited number of animals may also derive statistical insignificance.
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The established mouse implant model was applied to Npas2 KO mice. We found that the Npas2 KO mutation significantly impaired the establishment of osseointegration of SLA implant. Npas2 ± and Npas2−/− mice demonstrated the significant reduction of the implant push-out value (Fig. 5A) . Furthermore, while histological bone tissues appeared to be unaffected (Fig. 5B) , EDS-based Ti elemental analysis as a surrogate measurement of BIC suggested the decreased bone and implant contact area in the mutant animals (Fig. 5C) . Considering that the expression of Npas2 in BMSC was increased by close contact with Ti substrate, a downstream phenotype of Npas2 KO mutation may affect the interface tissue (Fig. 5E ). The remnant tissue on the recovered implant was likely to be the interface tissue between bone and implant [45, 46] , and the interface tissue formed in Npas2 ± and Npas2−/− mice lacked the well-organized collagen fibers (Fig. 5F ). Npas2 is a bHLH transcription factor with sequence similarity to a core circadian molecule Clock. However, the lack of its distribution in SCN suggests that Npas2 may be less involved in the maintenance of core circadian rhythm in the central clock [27, 47] but may play more dominant roles in peripheral tissues [48] . Chromatin immunoprecipitation with DNA sequencing (ChIP-Seq) of mouse liver tissue indicated that Npas2-associated target genes were not limited to circadian rhythm-related genes [49] . It has been reported that bHLH transcriptional factors affect BMSC differentiation [50] [51] [52] [53] . Therefore, we speculate that Npas2 KO mice did not affect the trabecular bone structure surrounding the implant, but the postulated Ti biomaterial-induced Npas2 hi interface tissue (Fig. 5G ) may be lost resulting in the reduction of osseointegration.
This study further investigated the underlying mechanism of Ti biomaterial-induced Npas2 using a chemical genetics strategy. Chemical genetics is defined as the study of biological systems using small molecule tools, which may be suited to dissect signal transduction pathways responding to the environmental cues [54, 55] . The high throughput screening of pharmacologically active compounds by Npas2-LacZ reporter gene expression implicated small molecules with known functions in three pathways. The first group clustered in common functions of modulating intracellular cAMP signaling. The compounds increasing or reducing cAMP were found to reduce or increase Npas2 expression, respectively ( Table 1 ). The second group was composed of agonists of α2 adrenergic receptors, which increased Npas2. The third group was known to disintegrate cytoskeleton, which might decrease BMSC viability resulting in an artificially low detection of Npas2-LacZ activity.
Bone homeostasis and regeneration have been intensely investigated through the study of endocrine, paracrine and autocrine mechanisms of bone-related growth factors. The signal transduction of growth factor receptors is mediated, in part, through cAMP and its response elements [56] [57] [58] . Adenylate cyclase and cAMP pathway in osteoblasts also mediate the impact of catecholamine receptors such as β-adrenergic receptors. The increased orthotopic bone formation after treatment with "β blockers" in rats [59] and in humans [60, 61] was initially postulated to be due to the modulation of cAMP pathway.
Through a series of investigations on Leptin, the hypothalamic-autonomous nervous system (ANS) pathway was found to directly regulate osteoblasts by activating β2-adrenergic receptors [62] [63] [64] . Leptin, a hormone derived from adipocytes, activates Leptin-receptor bearing neurons such as proopiomelanocortin/cocaine-and amphetamine-regulated transcript-containing neurons in the hypothalamus [65] . Leptin-influenced hypothalamic activity clearly modulated the vertebral and appendicular bone remodeling through the sympathetic arm of ANS, causing the bone phenotype of Lepin-deficient obese mice [66, 67] . The hypothalamic-ANS signal to β2-adrenergic receptor of osteoblasts activates cAMP response element-binding protein (CREB), which transcribes downstream genes including circadian clock, Per1 and Per2. The Per1/Per2 double knockout mutation reversed the effect of β2-adrenergic receptor agonist and increased the vertebral and appendicular bone architecture [68] . The effect of neurotransmitters on bone remodeling is known as neuroskeletal regulation and is thought to predominantly involve β2-adrenergic receptor of BMSC [62, 69] .
During the osteogenic differentiation of mouse iPS cells, β2-adrenergic receptor mRNA was found consistently expressed, while α2-adrenergic receptor mRNA was not detected [70] . However, mature os 11 
teoblasts have been reported to express α-adrenergic receptors [71] albeit much less than β2-adrenergic receptors. The activation of α-adrenergic receptor increased osteoblast proliferation [71, 72] . α2-adrenergic receptor knockout mice resulted in contrasting phenotypes between vertebral and appendicular bones [73] , suggesting that the hypothalamic-ANS signaling to osteoblasts may be differentially mediated by the repertoire of α-and β-adrenergic receptors and/or osteoblastic circadian clock molecules. The Chemical Genetics study indicated that α2-adrenergic receptor-related molecular pathways could increase the Npas2 expression. We postulated that Npas2 KO mutations might result in the impaired formation of bone-implant interface tissue, resulting in the discrepancy between histological and implant push-out tests. The present study further demonstrated that Ti biomaterials with rough surface robustly upregulated α2-adrenergic receptors of BMSC (Fig. 6E) . Thus, we propose that BMSC contacting the SLA implant surface may change its phenotype through increased α2-adrenergic receptors leading to the development of unique Npas2 hi bone-implant interface tissue, which may play a critical role in osseointegration. α2-adrenergic receptor agonists and β2-adrenergic receptor blockers are commonly used to treat hypertension. A non-selective blocker of β adrenergic receptor was shown to enhance implant osseointegration in rats [74] . Furthermore, a recent retrospective clinical cohort study reported that the use of anti-hypertension medications was associated with a higher dental implant survival [75] . These clinical data are consistent with our hypothesis.
The pathways that underlie osseointegration are undoubtedly complex and multi-factorial. The outcome of this study suggests a novel molecular and cellular pathway contributes to accelerated osseointegration. We propose that alterations in the neuroskeletal regulatory pathway in BMSC is a critical variable determining the establishment of successful osseointegation. The demonstration of Ti biomaterial-induced α2 adrenergic receptor expression and Npas2 upregulation provides a clear path for the development of therapeutic strategies designed to improve osseointegration or to re-establish implant-bone integration.
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